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Introduction

The success of expioratory missions in outer space offen depends on a highly sfficient renewable energy supply,
as provided by solar cells. Figure 1 shows a weall-known example: The mbotic vehicle “Rover,” construciad for
NASA's "Mars Pathdinder” mission. The solar vells for stch applications not only need to have high conversion
efficiency, but must possess a high specific powar, thus a high power ouiput per unit mass. Since future rnissions
will demand for large aggregates of sclar cells and space flighis are expensive, the solar celis must furthermorg
be avaiable at low costs (per unit power output) and — very important in outer space — have a iong Hetime and a
high resistance against structural damags inttoduced by irradiation with high-energy electrons and protons.

The pholovoltaic materials that are presently avaiiable only parily fuifilf all these reguirements. Therefore, we
prapose 1o oxplore a new method for fabricating thin-films for cost-afficient solar cells with very high specific
powar, high irradiation resistance, and long lifetime, based on the a-phase of the Cu-h-8e system, “o-CIS."
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Fig. 1: The robotic vehicle “Rover,” which NASA
sent 1o the suriace of planet Mars {exhibit at NASA
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Fig. 2: Cross-sectional TEM image of a CIS film
grown at 460 to 520°C by PVD, Cuin:Se ratio in
the vapor: 1:1:2. Composition measured by XEDS:
Gigs 5inze 85845 2.

the vapor: 1:3:8. Composition measured by XEDS:
Cuizaslngs gSesc.a.
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rig. 4: Cross-sectional TEM image of a CIS filim
grown at 430°C by PVD. CuiniSe ratio in the
vapor 1:2:3.5, Composition measured by XEDS:
Cliyg 5iNaz 2Se51 2-
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Fig. 8. X-ray scans of PVYD-grown thin-fiims with
steichiometric (CuinSe.) and with Cu-deficiens
composition.

The stoichiometric composition of o~CIS coresponds 1©
CuinSe,. It has long been known that this compound
possesses outstanding properties for thindilm sciar celis,
So far, however, one cannot fully expiol the advantages of
this material, because ¥ iz not possible to make o-CiS
lavers with a sufficiently low concentration of structural and,
consequently, slectronic defects. In this paper, we dascrine
a research program 1o overcome these limitations and fo
optimize the fabrication of «CiS thinilms for solar cell
applications in outsr space.

Presently, the CiS films with the best photovoliaic
periormance are grown by physical vapor deposition
(PVI)). However, such films contain high concenirations of
struciural  defects, which degrade their efficiency in

. ohotovoltale devices: poimt defects, disiocations, large-

angle grain boundaries, porss, antiphase boundariss,

- cracks, or inclusions of other phases and, correspondingly,

interphase interiaces [11.

Figures 2, 3, and 4 present coross-secional TEM
{trapsmission  eleciran  microscopy}  bright-fleld images
revealing thase kinds of defecis in CIS thin-films grown
under a variety of different conditions by the group of H.-
W, Schock at the Institut flir Physikalische Elekironik,
University of Stutigart, Germany. The
microcharacterization, including TEM, was carried oul as
part of the Ph, D. project of T. Haalboom 2t the Max-Flanck-
ingtitut #ir Metallforschung (Maferials Science) in Stuttgart,
Germany, under the supervision of -, Emst.

As apparent from the micrographs, the microsiructure
sensifively depends on the processing condiions, For a
Cuin:Be ratio of 1:1:2 in the vapor, high temperatures
{between 460 and 520°0) lead to relatively large grains.
Low iemperatures {(430°C), in confrast, iead 1o the
tormation of extended, plate-like crystallites.

In addiion to the defects mentioned before, thin-tilms
grown with 2 Cuin:Se ratic near 1:1:2 in the vapor always
exhibit a high density of stacking faults and twin
boundaries.

Ancther problem of PVE, apart from the high delect density
in the films, is to control the chemical composition. Analysis
of the films in Figs. 2, 3, and 4 by XEDS {X-ray energy-
dispersive spectroscopy} revealed that the actual, local
chemical composition of the thindiims may subsiantialiy
differ from the nomiral composiiion of the vapor {indicated
in the figure captions). As demonstrated by the X-ray scans
in Fig. 5, even slight devialions from the ideal composilion
CulnSe; lead to the formation of secondary phases. The
two X-ray scans were obtained from sicichiometric and Cu-
deficient CIS fiims. Both diffraction patterns exhibit
reflections of ihe (desired) a-CulnSe, phase [2] and Mo-
reflections of the substraie. Additional reflections at 2o=



21.8° and 42.8°, however, indicate the oresence of a second phase (defect phase B {3}) in the Cu-deficient
material. Since the presence of second phases nias a particularty adverse eftect on the conversien efficiency {4},
ihis material is not suiiable for photovoiaic devices,

The present record of conversion efficlency with PVD ¢-CIS thin-films is at 18 8% [B]. While this number is
impressive, the theoretical conversion efficiency is stilt 36% higher {24%) 8], Moraover, the efficiency of standard
PVD material is way below 18%. Thers is no doubt that the high concentiration of grain boundaries and phase
bourdanies encountered in PVD-grown material accounts for the major part of the discrepancy between actual an
theoratical conversion efficiency 141, Annealing can somewhat improve the structural properties, but usually of ih
fiim composition (particularly the Se content) and causes segregation [7-10].

The conversion efficiency of PYD-grown o-CIS thin-films is limited by steuctwral defects, which formn because
these fiims grow far from thermodynamic equilibrium, under high driving forces, but with smail atomic mobility. A
promising approach for improving the structural guality of o-CI8, therefors, is by growing # from the meft, ciose fo
thermodynamic equilibrium,

018 Growth from ihe Meft

Mear-equilicrium growth from the melt witl not only allow the fabrication of single-phase, pure u-CiS, but snould
also snzble the growth of macroscopic a-CIS single crystals. Single crystals of o-CIS are valuable for studying the
frifrinsic properties of a~-CiS, and to find aut how much room there really is for improving the conversion efficiency
of o-CIS thin-film solar celis by improving the structural qualily of the malerial.

Following this idea, C. H. Schwerdifeger at the National
Renewable Energy Laboratory (NREL) employed high-
pressure, liquid-encapsulated directional solidification to
grow (Cu-deficient) «CIS single crystals and oblainec
apparently coarse-grained macroscopic crystals {11, 12].
Howsver, no study of the microsiruciure of this material
has been published. More recent aftempts of M. Hormung
o grow o-CIS single-crystals from the mell by the vertical
gradient freeze method also failed [13]. SEM {(scanning
electron microscopy) and TEM studies on the largest
grains of these “single orystals” revealed that they were
never even single-phase ¢-CIS, but always coniained &
second phase (B} and an enormous densily of o/ff phase
boundaries [14}. Fig. 6 presenis an example from this
material: a TEM image revealing particles of the B-phase in
an o-CiS “single crystal”. Note that the i particies did not
iofm because the solidified material had the incorrect
Fig. 61 TEM image revealing the presence of a  compesition. Careful analysis of chernical composition by
second phase {‘f", arrowed regions) in & “single  XRF (X-ray fiuorescence analysis) andg ICP-OES
crysial” of CuzasingseS0ss 5. {inductively-coupled piasma optical emission spectroscopy}

confirmed that the composition of this material was
Clos slfas 0Ses0s, thus suificiently ciose to the stoichiometric composition of o-GIS for obtaining a single-phase
material. The latest reports on o-CIS single crystals are by Cahen of af [13}, but again no detalled microstructura;
studies were published.

Cu-ln-Se Phase Eguilibria

7o understand these drawbacks, we have recently investigated ail phase equiiitria of the entire Cu~In—5e system
and deterrmined the first cornplete and correct ternary phase diagram $18-181.



The new phase diagram, which constitutes one of the most complicated temary phase diagrams known so far,
expiaing why it is difficult (it not impossible} 1o grow single-phase «-ClS from & melt with the cormposition equal to
or close to CulnBe,. Consider the CusSe-inaBe; isopleth of Fig. 7, Tor which we have prover that it actuatiy
constitutes a guasi-binary vertical section of the Cu-in-8e phase diagram. Un cooling 2 melt with the composition
CulnSe,, the first solid phase is not «-CIS, but a high-temperature phase we dencte as §.. On further cooling, o-
CiS shouid then form from 8y via a phase fransfarmation. However, the meiling point maximum ¢f the §; phase
field ies at a Cu content of 23.5%, thus considarably off (on the lslt hand side of o-CIS in Fig. 7) the 25.0%
corrposition required for stoichiometric «-CIS {CulnSey). Therefore, i ane iries 1o grow single-phase «-CI8 by
cooling down a melt with a composition in the vicinity of the stolchicmetric composition CulnSes, one first oblaing
the phase 3, which has the “incorrect” composition Cuag sinas oSesss, surrounded by more Cu-rich material. On
turther cocling, this material cannol perfectly ransform o «-CiS, owing 1o the limiled kinstics. Instead, it will
transform t© o+ 8n. Consequently, ona cbtains a high density of phase boundariss.

Starting out from a composition not aqual to bui i the vicinity of CulnSa; doss not vield single-phase material,
gither, As revealed in isothermal sactions of the Cu-In-3¢ phase diagram [18-18], «-CiE establishes two-phase
and three-phase equilibria with nine difterent phases! This variety of phase squilibria expiains the difficuities other
researchers have encountered when attempling to grow CuinSe, single crystais.

1.1 How to Soive the Probigm

Figure 8, taken from [18], represents the most important data for our project: the projection of the fquidus surface
of the Cu~in-Se phase diagram onio the composition triangle. (The iiquidus surface separates iiquid and solid
phases in the twrmary phase diagram. Figurs 8 constilutes a fopegraphical ma of the liquidus surface, where
contour iines indicats the temperature.) Figure 8 contirms in a more comprehensive {three-dimensional} way than
the isopleth of Fig, 7 that 2 msit with the composition CulnSe; does nof precipilate o-CiS, but the phase &y — and
this is the reason why previous attempts to grow single-phase ¢-CiS from the meit have failed. On the other
hand, the liquidus surface exhibits four difierent faces that do enable direct, “primary crystalization” of «-CIS from
the melt (shaded regions in Fig. 8). However, the corresponding compositions are far away from the cormposition
CuinSe,. This expiains that direct precipitation of ¢-C1S from the melt was not discovered “accidentally.”

Summarizing, the new phase diagram explains the difficulties associated with growing single-phase o-CIS from a
melt with the compaosition near CulnSes,, but 2lso suggesis meli compositions that do precipitate single-phase o-
CIS directly, withowt causing any phase transformation such as 8-+ o

Liquid-Phase Deposition of o-CIS

According 1o Fig. 8, it should be possible o grow single-phase o-CiS thin-fiims by fquid-phase deposition (LPD) -
by casting a melt with a composition within one of the shaded fisids of Fig. 8 over a substrate, and cooling it
siowly to & temperature somewhat below the fiquidus temperature. According to Fig. 8, the meit will then directly
precipitate a fitm of «-CIS onto the substrate, witheut further phase transformations. After the fiim has reached the
desired thickness, the meit is removed from the subsirate. Subsequently, the system is cooled o room
temperature.

Singe the material grown from the melt wil be pure «-GiS and solidifies under near-equiiibriurm conditions, we
anticipate substantially iower concentrations of structural defects than in PVD layers, and thus major advantages
in photovoltaic efiiciency (by definition, defecis are non-equilibrium {eatures). indesd, the TEM image of Fig. 8.
recently oblained from «o-CI8 material produced during the experiments caried out to determine the new phase
diagram, reveals coarse-grained, pure o-CiS with a much lower concentration of defects than Figs. 2, 3, and 4.
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Fig. 7: The CupSe—-IngSey isopleth, a guasi-binary verticat section of the new phase diagram.
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Fig. 8: Projection of the liquidus surface of the Cu—in-Se phase diagram onto the compositicn triangie.
The four shaded areas indicale surfaces of primary crystailization of «-CIS — thus melt compositions from
whicn o-CIS precipiiates direcily, with no furher phase fransformations.

Contrary to the typical PVD-grown material, moreover, LPD-grown oGS will be {(nearly)
thermodynamically stable. Since # is single-phase o~Ci8, its lifetime in a solar cell will not be limited by
ongoing diffusional phase transformations. Note that at low temperatures, the phase field of «-CIS,
shadeg in Fig. 7, becomes very narrow. A material outside of this narrow compositional range, as typicaily
ancountered in PVD-deposited thin-iilms, is not thermodynamically stable and wili undergo diffusiona
phase transformations that may iimit its ifetime i a solar cell. This issue is even more important in outer
space than on the ground, because the cosmic radiation {vacancies by knock-on events) 18] and higher
operating temperature owing to lack of heat convective heat release (no air) promote diffusion.

ficcording to the isopleth in Fig. 10, #t should be possible o precipitate «-CIS at tempsratures below
400 °C. This apens the perspective to deposit o-CIS thin-films onto emperalure-resistant polymer fiims,
enabiing the fabrication of solar cells with very high-spacific-power (power oulput per unit mass).
Moreover, LPD will aliow the fabrication of larger modules than PVD and can decrease the fabrication
costs of o-CI8 photovoliaic devices, because ihe deposition rate of LPD is much higher than lor BYD,
and LPD does not reguire UKV chambers, which are costly o set up and costly to maintain. Experiments
of the Liguid-Phase Epitaxy Group at the Max-Planck-institut fir Festkbrperforschung have shown that
large (O=4in) wafers can be efficiently costed by centrifuging the mell by rotating the substrate,
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Experimeniaf

For the experimental technique of degositing a solid thin-film from a2 temary figuid phase we will draw on
the experience that has been gained with the depasition of Si,Ge . thin-fims from a Si~Ge-Bi melt in the
Liquid-Phase Epitaxy Group at the Max-Planck-institul flir Festkdrperforschung [20-22].

Fig. 11 presents a schematic cross-sactional view of a first, basic experimental setup we have instalied
for LPD of o-CI8. The expanmental procedure is very similar to the one we have successiully applied for
DTA {differential therma analysis) in our study of phase equilibria of the Cu~in-Se systam [18-18]. The

raterial for the melt, a few grams of high-purity Gy, In, ang S, are encapsuiated in a quariz wbe. Afler
evacualing the tube, # is flushed with Ar af 820mbar. Encapsutating the material in quartz ubss aliows us
o observe the changes cccudring during processing. In particular, by observing the diffusion zona at Cu
stripes protruding from the S8 or In melt we can carefuily control the temperature. Owing to the large heat
of formation and the high vapor pressure of Se, fusicn of Cu-in—Se alloys normally causss excessive
agitation of the components. The Ar-filling of the tubes, howsver, soives this preblam [13L

Afier fusing the metal pellets, the newly formed solid solution is annealed in a muffle furnace for up o one
hour at §50°C. To improve the homogeneity of the femperature distrbution during this treatment, the
silica tube i3 embedded v a large body of heai-resistant stesl. Subsequently, the tubg is cooled in air and
the ingot inspected. By mechanical agitation, we detach the newly formed material and any lefi-over of
the ingot frotn the fube walls, put the iube back into the mufile furngce and meit it a second time.
Depending on the composition, the melting point may vary betwesn 850 and 1020°C. After the fusing the
ingot in an induction furnace, the ingot maleral is removed from the quartz tubes ang broken up info
smaller sizes, each weighing approximately 250mg.
fignace To confirm the homogensily of the ingols, thres
e separate pieces of the ingot taken from different
regions of the ingot are prepared for XRE, DTA and
XEDZ analysis. By performing XEDS measurements
the stoichiomatry of the ingots are confirmed not only
focally within the ingot but throughout. DTA confirms
the Hguidus prolection, shown in Fig. 8, for any given
composition.

e
ety lube

A commercial tube furnace, equipped with & large-
diameter (1Gcm) quariz iube and a good temperaturs
conirot (= 0.5K), serves for the actual LPD

e experimenis. After the liguidus iemperature and the
composition of the ingot are confirmed, a pisce of

2T ingot, =250myg, is loaded {(aiong with the subsirate)
50" i inte another quartz tube, where the actuai LPD

experiment fakes place {Fig. 11b). By siowly heating
the furnace to a temperature belween 530°C and
1020 °C (depending on the composition of the ingot), a
homogenecus melt resulis. Then the quartz tiube is
titted by 90°, such that the melt wels the substrate. By
means of an elecirenic temperature control, we cool
the melt ¢ a well-defined temperature somewhat
{ideailly about 1%} below the iemperature of the
Higuidus surface. Accordingly, the mell will begin 1o
precipitate ¢-CIS.

In the presence of the subsirate, nucleation of o-CIS
dees not begin homogenesusly, In the mell, b
heterogensously, at the surface of the subsirate,
Subsequently, a ciosed layer of o-CIS grows and
covers the substrate. After the faver nas grown to the

Fig. 11 Schematic cross-sectional view of the
satup for liguid-phase deposition of «-CiS.



desived thickness, the quariz fube is tilted back o the otiginal position (Fig. 11} and the system cooled
down {6 room tempargiure.

i we choose the composttion of the ingot in one of the fowr regions of the composition #angle wher
Fig. 8 ingicates primary crystallization of ¢-GiS, the above procedurs should produce a thin-film of single-
nhase u-CiS on the substrate.

First Results

ingots were prepared from  all
primary phase fields represented an
the liguidus projection of the Cu-in- e {Haling 10 deg/min)
Se sysiem {(shown in Fig. 8). Many <=+ {Cooling 10 deg/min}
initial attempts 1o produce thin-film o-
CI5 faited due to the inability of the
meli ic wet the substrate. For this 20
reason, we used quartz subslrales ! L
sputter-coated with 1um of Mo, . Pk
tolowed by 100nm of Cu. The 04 . /
intanilon was o increase the surface : - kww“’”“’“”“
energy of the Mo layer, The Cu layer, : /
depesied after the Mo ayer without
breaking vacuum to the chamber, .
served H3) inhibit surface 04 y f
contamination on the Mo. During the ! ;
fiquid-phase deposition process, the y
Cu . layer diffused intc the ingot 20+ - oV
material without aitering the ingot Liquidus projection 687 dog ©
gomposition 1o any significant exient, .30 I
revealing a contaminant-free Mo 550 600
layer. With the incorporation of these
Cu coated substrates, we were able
00 deposit fiims from sl four
composition  fields  suitable  for
primary precipitation of o CiS, as
indicated in Fig. 8.

TTA S uY

658 deg C

e,

F

T T
850 700

Temperatura {deg )

Fig. 12 DTA of ingot I1b revealing a liguidus projection of

887°C.

The Higuidus projection of Fig. 8 gave

us the iemperature i which

nucieation of w-Ci3 would oscur

However, to confirm the exaci

figuidus temperature of the ingois

that were fused fogether, DTA was employed. Fig. 12 shows the DTA piot for ingot designated 11b. From
Fig. 12 the liquidus prejection is found to be 667 °C. This is in good agreement with the projection given in
Fig. 8. A small deviation results from making a composition up which lies slightly off one of the 700°C
contour lines.



Fiims  from &l primary
phase fields of the liquidus
projection were daposited.
Several of the deposied
filims simply exhibited the
composition of the ingot
material - gspecially those
from the uppermost Se-
rich composition fieid. The
fact that no change in
composition was observed
indicates that the
precipitation  of  single-
phase o-ClS was not
successful whlh - these
particular figlds. However,
several deposited  fims
contained  compositions
that did refiect
considerable compositionat
changes, indicating th
precipitation of a
thermodynamically  stable
phase. A summary of
compositions of the ingots
made {measured by an
analytical  balance and
confirrned by XEDS) and
the #ims (also measured
by XEDS) are given in
Tabie 1. From Table 1, the
ingot  designated  11b
intlally had a composition
corresponding  to 11
Cuini8e and resulted in
the deposition of a fiim
with 2 sioichiometry of
112

T¢ verity that that the
sioichiometry of the film
made frorm ingot b did
correspond io the o-CIS
phase, and not to a sum of
several phases adding up
to & 112 composition,
XAD was utitized.
Figure 13 is an X#RD
patlern from one of the
fiims grown from the b
ingot. The presence of a
gominant peak at 26.6°
confirms the presence of
the {112} plane. This peak
is the dominant peak
within the spectrum as it is

Counts

Ingot ingot Ingot Measured] Film Measured
{(weighed) (HDS}) {EDS)

Atomsic % Atomic % Atomic %
Ca 12.0 Cu 87 Cu 4.19
Fla in 475 In 41.4 in 52.69
Se 40G.5 Se 499 Se 43.12
Cu 32.5 Cu 24.76
Iib In 325 - In 2710
Se 350 Se 48,14
Cu 460 Cu 59.50
ilc In 180 - In 1358
Se 36.0 Se 24,92
Ca 5590 Cu 16.46
12 In 385 - In 41.47
Se 5.5 Se 42.08
Cu 46.0 Cu 45.40 Cu 7.90
HE in 4.0 in 2.66 In 1.33
Se 5Q.0 Se 5194 Se 90,77
Cu 2.85 Cu 4.46 Cu 3.74
i In 3.55 n 2.81 n 0.80
Se 93.6 Se 92.73 Se 93.46

Table 1 is 2 compilation of compositions,

given in atoimic percentages, for all ingots and fiims.

8000 4
7000
5000-
5000-
4000
3000
2000-
1000

0

~1000

3

112

Mo

Mo

i

2 Theta

Fig. 13 XRD patiern of the L.PD o-CIi8 from

ingot Hib.



one the iwe preferrad growth planes of o-CIS along with the (220} plane (not predominaiely present).

Conclusion

Based on the results described in the previous section, we believe that it is possible o fabricaie single-
phase o-CulnSe; layers with high structural and electronic quality by liguid-phase depoesition (LPD).
Some experimental problems of this mathod have been identified, such as insufficient wetting of the
substrate, high viscosity of the melt below the liquidus temperature, and the necessity of a very precise
temperature control. However # seems that these problems can be overcome. As the experimenial
techniques are further developed, we hope that LPD will become an attractive method for fabricating
Bigh-quality c-CuinSe, thin films at low cost,
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